The geology of Tindfjallajökull volcano, southern Iceland, is presented as a 1:50,000 scale map. Field mapping was carried out with a focus on indicators of past environments. A broad stratocone of interbedded fragmental rocks and lavas was constructed during Tindfjallajökull's early development. This stratocone has been dissected by glacial erosion and overlain by a variety of mafic to silicic volcanic landforms. Eruption of silicic magma, which probably occurred subglacially, constructed a thick pile of breccia and lava lobes in the summit area. Mafic to intermediate flank eruptions continued through to the end of the last glacial period, producing lavas, hyaloclastite-dominated units and tuyas that preserve evidence of volcano-ice interactions. The Thórsmörk Ignimbrite, a regionally important chronostratigraphic marker, is present on the SE flank of the volcano. The geological mapping of Tindfjallajökull gives insights into the evolution of stratovolcanoes in glaciated regions and the influence of ice in their development.
Introduction
Tindfjallajökull (alternatively known as Tindfjöll) is an ∼300 km 2 stratovolcano in the Eastern Volcanic Zone of southern Iceland (63°47 ′ N 19°35 ′ W). Like nearby Eyjafjallajökull, the name 'Tindfjallajökull' strictly refers to the volcano's ice cap, but is commonly used to refer to the volcano as a whole (in this paper, it is used to refer to the whole volcano). The upper flanks of Tindfjallajökull currently host ∼13 km 2 of ice, and the ice-free summit rises to 1464 m above mean sea level (Figure 1 ).
The geology of Tindfjallajökull is largely unknown. A study of gabbro nodules by Larsen (1979) includes the most detailed geological map previously published. Jakobsson (1979) speculated that Tindfjallajökull is the oldest active volcano in the Eastern Volcanic Zone, and that it probably last erupted in late-glacial or postglacial time.
Tindfjallajökull is best known as a proposed source of the Thórsmörk Ignimbrite (Jørgensen, 1980) . This 1.5-2 km 3 (dense-rock equivalent) peralkaline ignimbrite outcrops to the SE of the volcano (Thórarinsson, 1969) and has been correlated with the rhyolitic component of the widespread North Atlantic Ash Zone II (Lacasse, Sigurdsson, Carey, Paterne, & Guichard, 1996; Sigurdsson, 1982; Tomlinson, Thordarson, Mül-ler, Thirlwall, & Menzies, 2010) .
A 1:50,000 geological map (Main map) of Tindfjallajökull is presented here with the aim of documenting the volcano's eruptive products and to provide context for further research. The map was produced as part of a research project on the volcanological development of Tindfjallajökull, focussing particularly on the role of ice in the shaping of the volcano. As is common for Icelandic volcanoes, the influence of past ice is evident in the geomorphology of the volcano, in the presence of glacially worked sediments and in the characteristics of the erupted products.
Methods
Geological mapping was undertaken at Tindfjallajökull during the summers of 2014, 2015 and 2016. In the field, lithofacies were mapped onto topographic maps (USA Defence Mapping Agency, 1989) and aerial images (Google Earth Pro, 2010) .
Geographical data of topography (contours and spot heights), place names, hydrology, buildings and tracks were sourced from the IS 50 V digital map database (Landmaelingar Íslands, 2016) . These data were supplemented by field mapping of geomorphological features (mass-wasting scarps and subsidence pits) and superficial deposits (mass-wasting deposits and moraines).
To transform the mapped lithofacies data into the classes displayed on the final map, a division was first made according to the volcanic system. Although most of the mapped area consists of the products of Tindfjallajökull volcano, the products of neighbouring and older systems are also present. Sediments, which potentially include material from multiple volcanic systems, form a separate category.
Within the categories defined above, divisions were then made based on age. Due to a lack of widespread marker horizons, major stratigraphic discontinuities or radiometric dates, it is only possible to divide Tindfjallajökull into broad stratigraphic groups: Early, Middle and Late Tindfjallajökull (the latter group is subdivided into A and B). The presence of the Thórs-mörk Ignimbrite, which has an unpublished 40 Ar/ 39 Ar age of 54.5 ± 2 ka (see Sigurdsson, McIntosh, Dunbar, Lacasse, & Carey, 1998) , aids the identification of sediments and volcanic units deposited during the last glacial period (i.e. the Weichselian glaciation).
Within the broad stratigraphic groups defined above, volcanic rocks were further subdivided according to composition (i.e. mafic, intermediate or silicic) and lithofacies. Without strict stratigraphic control, these subdivisions group together eruptive units that formed through similar processes and that may have formed in similar environments (Loughlin, 2002) . Classification in this way is useful for the study of past glacial environments. However, the constituents of each subdivision are not strictly related in time and will represent a range of ages that are likely to overlap with other subdivisions of the same stratigraphic group (Figure 2) . Distinct assemblages of related lithofacies are grouped into lithofacies associations (e.g. hyaloclastite-dominated units, which can also include pillow lavas and lobate or sheet-like intrusions). Note that the term hyaloclastite is used here to encompass fragmental rocks generated through both quench fragmentation (hyaloclastite; Rittman, 1958) and explosive phreatomagmatic fragmentation (hyalotuff; Honnorez & Kirst, 1975) of magma.
Vent locations relating to individual eruptive units were identified at numerous locations and are marked on the map. These vents are all extant scoria cones that are associated with the mafic to intermediate lavas and tuyas of Late Tindfjallajökull B. The vents of the older rocks of Early and Middle Tindfjallajökull have been removed by erosion and their locations could not be determined. Additional ornamentations on the map highlight tuya lava caps and areas of lava delta or highly jointed lava.
Where the position of a geological boundary has an uncertainty of more than ±50 m (due to the presence of overlying superficial deposits and/or soils), it is classed as an approximate geological boundary.
Geology and past environments of Tindfjallajökull volcano
In this section, the products of Tindfjallajökull volcanic system are described, from oldest stratigraphic group to youngest, with a focus on indicators of past environments. Mapped units that are associated with other volcanic systems are then described, followed by the sediments and superficial deposits. UTM grid references are abbreviated to four digits representing 1 × 1 km 2 , e.g. Sindri: 71 76.
Early Tindfjallajökull

Mafic undifferentiated (Emu)
Most of the volume of Tindfjallajökull consists of a succession of interbedded mafic hyaloclastite and lava sheets, overlying the Pre-Tindfjallajökull basement.
The basal contact has not been directly observed. Dykes and alteration in the basement have not been seen to pass into the overlying succession, suggesting that the contact is unconformable. In general, the Early Tindfjallajökull sheets dip gently outward from a central point roughly coincident with the presentday main ice cap. This parallel stratification is occasionally disrupted by minor palaeo-valleys and -gulleys. As a whole, the structure forms a dissected stratocone with an observed vertical extent of 1200 m (present-day maximum elevation: 1299 m above mean sea level, 69 76). 72 68) and is thought to have been emplaced during an initial phase of the same eruption. These silicic lavas are not diagnostic of a particular eruptive environment, though the presence of ogives suggests that the upper lava lobe at Jökulskarð was emplaced in a subaerial setting.
Middle Tindfjallajökull
Mafic lava (Mml)
Much of the west flank of Tindfjallajökull consists of a plateau surfaced with mafic lavas, capping the Early Tindfjallajökull stratocone. Isolated outcrops of capping lava are located on Vestriöxl (75 75) and on the NE side of Austurdalur (66 77). Individual lavas and vents are not distinct and have not been mapped in these areas. The unconfined nature of the lavas and the lack of evidence of enhanced cooling indicate that the eruptive environment was ice-free.
Since the formation of the Early Tindfjallajökull stratocone and the Middle Tindfjallajökull capping lavas, glacial erosion has cut the major valleys that emanate from the present-day ice cap.
Late Tindfjallajökull
A: Central silicic edifice
Silicic breccia with coherent lava lobes (Lsb). The summit of Tindfjallajökull (70 74) marks the top of a voluminous steep-sided pile of silicic breccia (Figure 3(a) ), covering an area of perhaps 10 km 2 (when overlying volcanic rock and ice is removed). The breccia comprises poorly consolidated angular clasts 1-50 mm across. Coherent lobes of columnar-jointed silicic lava (∼100 m wide) are present within the pile, and lava clasts are present within the surrounding breccia. The breccia has been subjected to pervasive hydrothermal alteration, and a hot spring in Hitagil (>60°C, Figure 2 . Stratigraphy of the mapped classes on Tindfjallajökull (not drawn to scale). It is not known if there is stratigraphic overlap between Late Tindfjallajökull A and Late Tindfjallajökull B. The eruptive products of Katla volcanic system and the fissure swarm NE of Tindfjallajökull are not included. Ármannsson, 2016; 72 71) indicates that hydrothermal circulation is still active.
The base of the central silicic edifice was not observed. The lowest outcrop is at ∼600 m elevation, over 800 m beneath the highest outcrop. Significant erosion and/or down-faulting of Early and Middle Tindfjallajökull material, which forms ridges up to 1300 m altitude surrounding the central edifice, must have occurred before the breccias were emplaced. It is possible that a caldera formed at Tindfjallajökull (as marked by Jóhannesson & Saemundsson, 1989) , but no direct evidence for subsidence (e.g. displacement on a fault) has been observed. Syn-or post-eruption subsidence into the top of a magma chamber is necessary for a volcanic structure to be termed a caldera, as defined by Cole, Milner, and Spinks (2005) .
Extensive fragmentation of silicic lava and the confinement of a steep-sided pile of erupted material can indicate the presence of ice during an eruption (McGarvie, Stevenson, Burgess, Tuffen, & Tindle, 2007; Stevenson, Gilbert, McGarvie, & Smellie, 2011; Tuffen, Gilbert, & McGarvie, 2001) . Angular clasts and jointed lava lobes at all levels of the central silicic edifice suggest that cooling may have been enhanced by a thick body of ice, though further work is needed to reduce ambiguity.
B: Flank volcanism
This category consists of a variety of well-preserved eruptive units that are sourced from dispersed vents and fissures on the flanks of Tindfjallajökull. The preservation of features such as scoria cones and the stratigraphic association of some of the units with the Thórsmörk Ignimbrite suggests that the majority of the units were emplaced during the Weichselian glacial period. There is likely to be chronological overlap between the members of this category (Figure 2 ), as they are subdivided by lithofacies rather than stratigraphic position. Figure 3(b) ). The remnants of scoria cones are present at the vent of each lava, where not obscured by younger lava or ice. The scoria cone at Sindri (Figure 3(c) ; 70 76) is particularly well preserved, suggesting that it has not been subjected to glaciation and probably post-dates the last glacial maximum. Unconfined lavas with no evidence of enhanced cooling are indicative of an ice-free eruptive environment.
Highly jointed lava: In some instances, lavas that have flowed down steep slopes transition from a normal widely spaced jointing pattern to closely spaced pseudopillow fractures and cube-jointing. This occurs on the south side of Sindri (71 76), on the southern rim of Austurdalur (65 74) and on the east side of Tindur ( Figure 3(d) ; 70 70). The closely spaced jointing patterns indicate that the lavas were cooled rapidly due to the presence of water (Forbes, Blake, McGarvie, & Tuffen, 2012) . Topographic depressions suitable for the ponding of water are not present in these localities, so it is likely that water was instead derived through the melting of ice or snow. The elevation of the transition from subaerial lava to highly jointed lava (marked with white lines on the map) provides constraints on the upper limits of ice or snow within glaciated valleys at the time of each eruption.
Mafic hyaloclastite-dominated units (Lmh). Hyaloclastite-dominated units on Tindfjallajökull exist as hyaloclastite ridges, tuff cones, breccia mounds and hyaloclastite sheets. Each type can include a variable proportion of pillow lava and/or intrusive dykes, sills or lobes (Figure 3(e) ), but capping lavas are not present.
Hyaloclastite ridges on Tindfjallajökull have a range of fissure orientations, with approximate groupings at 040-067°(perpendicular to the regional spreading direction), 104-111°and ∼155°. Tuff cones and breccia mounds are sourced from point vents with no linear orientation. Hyaloclastite sheets (2-10 m thick) typically constitute the more distal deposits of tuff cones and are common within a succession of Weichselian sediments on the SE side of Tindfjallajökull (around 73 70).
Both hyaloclastite and pillow lava lithofacies indicate the presence of water during an eruption. This is commonly an indicator for the presence of ice in this topographical setting (Jones, 1969; Mathews, 1947) . The prevalence of water interaction throughout all lithofacies in these units suggests that water or ice was present at the vent for the duration of each eruption.
Mafic tuyas (Lmt).
Tuyas are defined here as hyaloclastite-dominated units that are capped with shallow-dipping lavas. Eight tuyas have been mapped on Tindfjallajökull, predominantly on the western upper flank. The footprint area of the tuyas ranges from 0.1 km 2 to the 8 km 2 Þórólfsfell tuya (66 66). Scoria cones are preserved at the vents of some of the tuyas, and there are subsidence pits on the a'a lava cap of Blá-fell tuya (66 71). The five largest tuyas have extensive lava deltas preserved on their flanks, composed of steeply dipping highly jointed lava lobes and lava breccia (Figure 3(f) ).
Tuyas are common in Iceland and are interpreted to form when subglacial eruptions breach the upper ice surface (Jones, 1966; Mathews, 1947) . When this occurs, the eruption transitions from phreatomagmatic conditions, producing pillow lavas and hyaloclastites, to 'dry' conditions during which a lava cap is emplaced. Meltwater is typically ponded around the growing tuya during the eruption. Where lava flows from the shallow-dipping top into the ice-dammed lake, a lava delta is formed, and the change in lithofacies at this water level is called a passage zone. The level of the passage zone from subaerial to subaqueous lava emplacement can be used to estimate the thickness of the surrounding ice body (Russell, Edwards, Porritt, & Ryane, 2014; Skilling, 2009 ). The subsidence pits on Bláfell tuya may have been formed through the draining of subsurface magma or meltwater.
Other volcanic systems
3.4.1. Pre-Tindfjallajökull (volcanic system unknown) Mafic basement (mb). The oldest rocks on the map are found on the SE side of Tindfjallajökull (Figure 3(g) ; 73 70). These mafic hyaloclastites and lavas have been extensively altered, intruded by dykes, and their pore spaces have been infilled through secondary mineralisation. The extent of alteration and intrusion suggests that these rocks pre-date the unaltered rocks of Tindfjallajökull and most likely constitute part of an older volcanic system that has been largely buried by recent volcanic activity.
Torfajökull volcanic system (speculative)
Mafic hyaloclastite-dominated units in fissure swarm between Tindfjallajökull and Torfajökull (mh). The fissure swarm stretching NE from Tindfjallajökull has been the subject of little study, but is tentatively considered to be part of the Torfajökull volcanic system (Saemundsson & Larsen, 2016) . Mafic eruptions in this area have produced SW-NE oriented parallel hyaloclastite ridges. Pillow lavas are found in the cores of the ridges, where exposed through fluvial erosion. The confinement of material along eruptive fissures and the prevalence of magma-water interaction indicate that these ridges were emplaced subglacially. The ridges show relatively little sign of glacial erosion, suggesting that they were emplaced during the Weichselian glaciation.
Silicic breccia with coherent lava lobes in fissure swarm (sb). Sultarfell is a pale-coloured steep-sided hill (∼0.03 km 3 ; 74 79) situated in the fissure swarm NE of Tindfjallajökull. It is composed of jointed rhyolitic lava lobes (a few metres across) bounded by unconsolidated breccia of cogenetic fragmented rhyolite. Lobes of fractured lava can be seen in close association with lava fragments that have spalled off the lobes during cooling, which may have been enhanced by the presence of water and/or ice. Like the neighbouring mafic hyaloclastite ridges, the level of preservation of Sultarfell suggests it was emplaced during the Weichselian glaciation.
Thórsmörk Ignimbrite (TI). Most of the preserved volume of the Thórsmörk Ignimbrite outcrops to the south of the Markarfljót, beyond the scope of this map (Jørgensen, 1980) . The internal structure of the ignimbrite is complex and both welded and unwelded domains are present. Within the area of the map, the ignimbrite is intercalated within a succession of diamictite (Figures 3(h) and 5) and typically forms a layer up to 10 m thick, though it is sometimes entirely absent from the stratigraphy. Within 5 km of Tindfjallajökull's summit, lithic clasts make up <5% of the ignimbrite and are <3 mm in diameter. In comparison, exposures south of the Markarfljót have a thickness of ∼30 m with ∼10% lithic clasts, which are up to 20 cm in diameter (Jørgensen, 1980) . Jørgensen (1980) proposed that Tindfjallajökull is the source of the Thórsmörk Ignimbrite, based on the broad patterns of welding, crystallisation, and outcrop distribution of the deposit. However, geological mapping on Tindfjallajökull has not found evidence to support this. In particular, the relatively low abundance and small size of lithic clasts entrained within the ignimbrite close to Tindfjallajökull and the continuity of diamictite deposition before and after ignimbrite emplacement suggests that Tindfjallajökull is not the source of this major eruption. Further work is being undertaken to trace the source of the ignimbrite. Torfajökull volcano is a possible alternative source, as Grönvold et al. (1995) noted a geochemical similarity between rhyolites at Torfajökull and North Atlantic Ash Zone II (the distal correlative of the Thórsmörk Ignimbrite).
Katla volcanic system
Mafic lava (Kml). A series of Holocene pahoehoe lavas have infilled the Markarfljót valley SE of Tindfjallajö-kull (74 66, SE extremity of map). The source of the lavas is located to the east of the map margin in the Katla volcanic system (Larsen, 2000) . The interiors of the lavas have developed an entablature jointing pattern during cooling, and the lavas have subsequently been scoured by jökulhlaups (Smith & Dugmore, 2006) . The unconfined nature of the lavas indicates a subaerial eruptive environment, with the entablature interiors indicating enhanced cooling of the lava following the introduction of river water (Lyle, 2000) . This indicates that the valley was occupied by an active river at the time of lava emplacement.
3.5. Sediments 3.5.1. Last glacial period (Weichselian; SWe) A depositional succession (maximum observed thickness of 160 m) extends from the Vestri-Botná valley (71 71) to the low-lying Fauskheiði ridge (71 65). The dominant lithofacies is diamictite (Figure 4(a) ), with occasional water-lain gravels. Clast sizes in the diamictite range from silt to boulders 60 cm across. The clasts are typically faceted and striated, indicating a glacial influence in their transport. Crucially, the 54.5 ± 2 ka Thórsmörk Ignimbrite is present within the succession, dating it to the last glacial period (Sigurdsson et al., 1998) . Other pre-Holocene outcrops of glacially worked material are found on the southern flank of Tindfjallajö-kull (68 68) and in the Eystri-Botná valley (74 73).
Holocene and last glacial termination (SHo)
Sediments deposited during and after the retreat of the Weichselian Icelandic Ice Sheet infill valleys to the NE and S of Tindfjallajökull. The youngest sediments are conglomerates that are associated with the presently active fluvial systems, such as the braided river plain of the Markarfljót (in the extreme south of the map). Between the hyaloclastite ridges to the NE of Tindfjallajökull, rhythmites are common (Figure 4(b) ). These deposits have 3-10 mm thick laminae of alternating fine sands and silts which are characteristic of lacustrine depositional environments, and suggest that lakes (now drained) once occupied the valleys between the parallel ridges.
Superficial deposits
With the exception of tephra, the present-day ice cap entrains only a small volume of rock debris. This is reflected in the lack of significant deposits of moraine around the margins of the ice. Only one area of hummocky moraine has been mapped, near to the eastern and lowest altitude termination of the present ice cap (73 74).
Features produced through the collapse of iceeroded and ice-confined eruptive units are present on Tindfjallajökull. Mass-wasting has taken place as coherent slumps (e.g. at Bláfell tuya 65 71) or more chaotic rockslides and falls (e.g. at Hitagilsbrún 73 72).
Geological development of Tindfjallajökull volcano
Evolution of Tindfjallajökull
Geological mapping of Tindfjallajökull has given insight into the evolution of the volcano over time. Mafic basement rocks were emplaced during a volcanic episode prior to the construction of Tindfjallajökull. Volcanism in this area has been ongoing for perhaps 1-2 million years, building on top of the crust that formed several million years ago (Óskarsson, Steinthórsson, & Sigvaldason, 1985; Saemundsson, 1974) .
The construction of the Early Tindfjallajökull stratocone, a thick succession with consistent radial dip, was a highly productive phase of Tindfjallajökull's initial development. It is likely that the volcano was glaciated during much of this stage and that some erosion took place, but glacial erosion was surpassed by volcanism as the main driver of landscape evolution. Following the construction of the stratocone, all or most of its surface was capped by the subaerially emplaced Middle Tindfjallajökull lavas of mafic and silicic compositions ( Figure 5 ). Glacial erosion has subsequently resulted in extensive modification of the Early-Middle Tindfjallajökull edifice, particularly through the deepening of the valleys that radiate from the centre of the volcano.
At the onset of the Late Tindfjallajökull stage, the eruption of silicic breccia with coherent lava lobes formed the central silicic edifice. It is unclear if the eruption of this material was accompanied by caldera subsidence. Mafic to intermediate flank volcanism has continued through to the end of the last glacial period during various ice-thickness conditions. These eruptions, on the upper west flank in particular, produced a variety of landforms including hyaloclastite ridges, tuyas and lavas.
On the SE side of Tindfjallajökull, a depositional succession records a detailed history of glacially influenced sedimentation and local mafic volcanism during the last glacial period. The Thórsmörk Ignimbrite provides a valuable chronostratigraphic marker within this succession ( Figure 5 ). During and after the retreat of the Weichselian glaciation, sedimentation has occurred in lacustrine and fluvial settings around the foot of Tindfjallajökull.
Comparison to neighbouring volcanoes
Several broad characteristics of Tindfjallajökull volcano are comparable to Eyjafjallajökull volcano. The summit of Eyjafjallajökull is only 18 km south of the summit of Tindfjallajökull, and the two volcanoes are of similar size.
The oldest mapped rocks on Eyjafjallajökull are the Laugará Group, exposed on the southern flank of the volcano (Jónsson, 1988) . Like the Pre-Tindfjallajökull basement, the Laugará Group is composed of altered basaltic hyaloclastite, pillow breccia and fragmented lava, with numerous intrusive sheets (Loughlin, 1995) . The oldest rocks at Eyjafjallajökull were emplaced prior to the Brunhes-Matuyama geomagnetic reversal (∼780 ka), and a K/Ar date of 780 ± 30 ka has been obtained from a lava with reversed polarity (Kristjansson, Johannesson, Eiriksson, & Gudmundsson, 1988) .
Like Tindfjallajökull, much of Eyjafjallajökull consists of a thick succession of mafic to intermediate hyaloclastites and lavas (Loughlin, 2002) . Furthermore, this succession is capped by lavas that surface much of the upper flanks of both volcanoes (Jónsson, 1988; Loughlin, 1995) .
Glacial valleys are thought to have formed in the mid-late period of Eyjafjallajökull's development (Loughlin, 1995) . Dissection of Tindfjallajökull's edifice is more advanced than at Eyjafjallajökull. The existence of accommodation space for sedimentary successions within a few kilometres of Tindfjallajökull's summit attests to the greater degree of focussed dissection that has occurred. It is not clear if caldera subsidence is an additional factor that may have contributed to the accommodation of sediment at Tindfjallajökull.
Finally, the mapping of Tindfjallajökull has indicated that it has more extensive deposits of silicic rock in comparison to Eyjafjallajökull (Loughlin, 1995) . The presence of a suspected caldera and a high ratio of evolved rock to basalt led Jakobsson (1979) to speculate that Tindfjallajökull is the most mature active volcano in the Eastern Volcanic Zone. However, possible caldera structures and significant volumes of silicic material are also features of the larger nearby volcanoes of Katla and Torfajökull (Jóhannes-son & Saemundsson, 1989) .
Conclusions
A 1:50,000 scale geological map of Tindfjallajökull provides the first comprehensive survey of this ice-capped stratovolcano. The map enables a reconstruction of the evolution of Tindfjallajökull through time and a comparison to other nearby volcanoes. Much of the volcano is similar to neighbouring Eyjafjallajökull, though Tindfjallajökull has a higher proportion of silicic volcanic rocks and a higher degree of erosion.
Field mapping of volcanic lithofacies and lithofacies associations allows the mapped classes to broadly reflect the environment at the time of each eruption. As is typical in Iceland, ice has had a significant influence on the development of Tindfjallajökull, though the extent of ice has varied widely through time. Lavas, tuyas and hyaloclastite-dominated units have interacted with ice of variable thicknesses. A depositional succession on the SE side of Tindfjallajökull records glacially influenced sedimentation and eruptions dating to the last glacial period. Information on past glacial environments on Tindfjallajökull, if combined with chronological data, could fit into larger scale models of late Pleistocene to Holocene palaeoenvironments in Iceland.
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